Nanocomposites containing magnetic iron oxide (magnetite) nanoparticles and layered double hydroxide (LDH) nanosheets were prepared by two different methods, exfoliation-reassembly and coprecipitation, for aqueous chromate adsorbent. According to X-ray diffraction, scanning electron microscopy, and atomic force microscopy, both nanocomposites were determined to develop different nanostructures; LDH nanosheets well covered magnetite nanoparticles with house-of-cards-like structure in exfoliation-reassembly method, while coprecipitation resulted in LDH particle formation along with magnetite nanoparticles. Zeta-potential measurement also revealed that the magnetite surface was effectively covered by LDH moiety in exfoliationreassembly compared with coprecipitation. Time, pH, concentration dependent chromate adsorption tests, and magnetic separation experiments exhibited that both nanocomposites effectively adsorb and easily collect chromate. However, exfoliation-reassembly nanocomposite was determined to be slightly effective in chromate removal by ∼10%. Chromate adsorbed nanocomposites could be regenerated by treating with bicarbonate and the regenerated nanocomposites preserved ∼80% of chromate adsorption efficacy after three times of recycling.
Introduction
Fabrication of nanocomposites is a subject of great importance in developing functional nanomaterials such as catalysts [1] , nanomedicines [2] , electronic materials [3] , and pollutant scavenger [4] . Various kinds of nanomaterial components, such as 0-dimensional particles [5] , 1-dimensional tubes [6] or fibers [7] , and 2-dimensional nanosheets [8] , have been utilized to fabricate nanocomposites having various functionalities. Especially, 2-dimensional nanosheets have attracted interests to prepare nanocomposites for catalysts [9] , electrodes [10] , and energy storage [11] , due to their high specific surface area, unusual physicochemical property resulting from anisotropic structure, and controllable compositions. Among the 2-dimensional nanosheets, layered double hydroxides, LDHs: M(II) 1− M(III) (OH) 2 (A − ) / ⋅ H 2 O, (M(II): divalent metal cation; M(III): trivalent metal cation; A − : anionic species with − charge, 0 < < 1; : interlayer water quantity) have been widely studied in biomedical or environmental applications, as they have been reported to have biocompatibility [12] , high anionicrecyclability. Collection of adsorbents is a crucial factor in pollutant scavenger, especially for water treatment, in terms of preventing secondary pollution and recycling adsorbents. In this way, two strategies, introduction of magnetic properties to the LDHs [19] [20] [21] and fabrication of monoliths containing LDH moieties [22] , have been suggested for easy collection. The first strategy, introduction of magnetic property to adsorbents, has been often reported due to effectiveness of magnetic separation. For this purpose, magnetic nanoparticles (Fe 3 O 4 ) are generally utilized to fabricate nanocomposite with LDH. For instance, MgAl-LDH nanoparticles were in situ grown on magnetic CoFe 2 O 4 nanoparticles through coprecipitation by Deng et al. [19] . The nanocomposite showed chromate removal efficacy of ∼50 mg Cr(VI)/g adsorbent at 200 ppm chromate solution as well as preserved adsorption capacity up to 6 repeated adsorption tests. Similarly, ZnAl-LDH was introduced on magnetic Fe 3 O 4 nanoparticles by coprecipitation [20] , showing ∼ 20 mg Cr(VI)/g adsorbent at 800 ppm chromate solution. Another literature reported MgAl-LDH/Fe 3 O 4 nanocomposites prepared by coprecipitation, representing adsorption efficacy of ∼60 mg dye (reactive red)/g adsorbent [21] . The other strategy of monolith fabrication has been scarcely reported. From our previous study, monolith-type nanocomposites having uniformly distributed MgAl-LDH nanoparticles in agarose scaffold have been developed for aqueous chromate removal, exhibiting ∼100 mg Cr(VI)/g adsorbent [22] .
In this study, we are going to prepare nanocomposites consisting of magnetic Fe 3 O 4 nanoparticles and MgAl-LDH nanosheets for potential chromate removal in water treatment. For this purpose, we applied two different strategies in preparing nanocomposites: coprecipitation of MgAl-LDH on Fe 3 O 4 nanoparticles as reported in other literatures [19] [20] [21] and exfoliation-reassembly of MgAl-LDH nanosheets on Fe 3 O 4 nanoparticles. The former technique is widely studied in LDH-based adsorbent; on the other hand, there are a few literatures for the latter. In fact, exfoliation-reassembly is often utilized strategy in preparing nanoparticle-graphene composites for catalyst or energy storage materials [23, 24] . As LDH has 2-dimensional structure-like graphite, exfoliation-reassembly can be applied for nanocomposites of Fe 3 O 4 nanoparticles and LDHs. Materials characterization such as crystal structure, particle morphology, and surface charge on two kinds of nanocomposites will be described. In order to examine chromate removal capability of both nanocomposites, contact time, pH, and concentration of chromate solutions were chosen as parameters. Furthermore, we collected nanocomposites by a magnet and repeated chromate adsorption test three times to evaluate recyclability of nanocomposites. ∘ C and then 32 mL of ammonia solution (6.64 M) was quickly added. After formation of black precipitates, the reactant was subjected to microwave treatment (2 minutes) for facilitated crystallization. Thus, obtained magnetite nanoparticles were centrifuged at 3500 rpm for 10 minutes, washed with DI water/acetone (1/1 v/v%) 3 times, and then dried in vacuo.
Materials and Methods

Preparation of Magnetite @ Layered Double Hydroxide (Mag@LDH) Nanocomposites with Two Different Methods ((1) Exfoliation-Reassembly (ER) and (2) Coprecipitation (CO)).
First of all, magnetite powder (0.5 g) was dispersed in 10 mL DI water through ultrasonication for 20 minutes.
Mag@LDH Nanocomposites via Exfoliation-Reassembly Method (Mag@LDH-ER).
MgAl-LDH precursor was synthesized by conventional coprecipitation. Briefly, mixed metal nitrate solution (0.063 mol of Mg(NO 3 ) 2 ⋅6H 2 O and 0.0315 mol Al(NO 3 ) 2 ⋅9H 2 O) was titrated to pH of ∼9.5 with alkaline solution (0.21 mol of NaOH) under vigorous stirring and N 2 purging. The white precipitates were aged for 24 hours and then washed 4 times utilizing centrifugation (10000 rpm, 10 minutes) and decarbonated water. Lyophilized MgAl-LDH powder (0.5 g) was dispersed in 500 mL formamide and stirred for 24 hours under N 2 purging in order to exfoliate LDH nanolayers as previously reported [25] .
To introduce LDH nanosheets on magnetite, 10 mL of magnetite suspension (50 mg/mL) was put into 50 mL of NaHCO 3 solution (0.006 mol) and excess reactant was removed by centrifugation. Carbonate adsorbed magnetite suspension was then located in 50 mL of exfoliated LDH colloid (1 mg/mL) to introduce LDH nanosheets on carbonate adsorbed magnetite. The above two steps were repeated 10 times to increase LDH moiety on magnetite. The final product was washed thoroughly with DI water and lyophilized.
Mag@LDH Nanocomposites via Coprecipitation Method (Mag@LDH-CO).
As-prepared magnetite suspension was sequentially treated with alkaline solution (0.0007 mol of NaHCO 3 and 0.0013 mol of NaOH in 15 mL) and mixed metal solution (0.0043 mol of Mg(NO 3 ) 2 ⋅6H 2 O and 0.0022 mol Al(NO 3 ) 3 ⋅9H 2 O in 20 mL) to promote coprecipitation of LDH on magnetite surface. At each step, centrifugation was utilized to separate solid part. The above steps were repeated 10 times to increase LDH moiety as in ER method. The obtained nanocomposite was collected by centrifugation and washed with DI water and lyophilized.
Characterization.
The crystal structures of magnetite, MgAl-LDH, and two kinds of Mag@LDH nanocomposites were investigated with D2 phaser X-ray diffractometer (XRD) with Ni-filtered Cu-K radiation ( = 1.5406Å) manufactured by Bruker AXS (Billerica, MA, USA). To identify primary particle size and morphology, scanning electron microscopy (SEM; FEI Quanta 250 FEG, FEI Company, Hilsboro, OR, USA) measurement was carried out. Each sample was suspended in EtOH (0.01 wt/v%) and a drop of suspension was put on cleaned silicon wafer and dried in vacuum. Then, each sample was treated with Pt/Pd plasma for 1 minute and images were collected by 30 kV accelerated electron beam. For atomic force microscopy (AFM, NX10, Park Systems, Suwon, Korea), 0.00001 wt/v% of EtOH suspension was utilized and suspension was dropped on silicon wafer as described in SEM specimen preparation. Thickness and surface line profile of samples were obtained with in noncontact mode. Surface roughness ( ) of each nanocomposite was calculated with Park system AFM XEI software. The zeta-potential values of pristine LDH and nanocomposites at pH 7 were investigated by ELSZ-1000 (Otsuka Electronics Co., LTD., Hirakata, Japan) with disposable cell at 25 ∘ C. Specific surface area was measured by N 2 adsorptiondesorption isotherm with BELSORP-mini II (MicrotracBEL Corp., Osaka, Japan). Quantification of nanocomposite was carried out by inductively coupled plasma-optical emission spectrometer (ICP-OES; OPTIMA 7300 DV, Perkin Elmer, Waltham, MA, USA) after fully digesting sample with 10 M HCl solution.
Evaluation of Chromate Removal Efficacy on Mag@LDH Nanocomposites with Respect to Contact Time, pH, and Concentration of Chromate Solution.
For the time-dependent chromate adsorption experiments, each nanocomposite (100 mg of Mag@LDH-ER or Mag@LDH-CO) was dispersed into 50 mL of chromate solution (50, 100, and 200 ppm of initial concentration) and then gently shaken by Orbital Shaker SH30 (FINEPCR, Gunpo, Korea) at 25 ∘ C. At the time points 0, 0.5, 1, 2, 3, 4, 6, 12, and 24 hours, nanocomposites were collected by magnetic separation and chromate concentration in supernatant was quantified with ultraviolet-visible spectrophotometer (UV-Vis; Shimadzu UV-1800, Shimadzu Corporation, Kyoto, Japan) at max = 372 nm. In order to evaluate pH effect on chromate adsorption, initial pH of chromate solution (initial concentration of 50 ppm) was set to 2, 4, 5, 7, 9, and 11 utilizing 0.1 M HCl or 0.1 M NaOH solution, and then 100 mg of nanocomposites was dispersed into the solution. After 24 h, equilibrium pH and adsorbed amount of chromate was evaluated with pH meter and UV-Vis spectrophotometer, respectively.
Regeneration and Recyclability Test.
To evaluate applicability of nanocomposites in practical water treatment, the regeneration and recyclability of nanocomposites in chromate removal were evaluated. In order to detach adsorbed chromate, chromate adsorbed nanocomposites were treated with NaHCO 3 solution (0.05 M, 50 mL) under stirring at room temperature for 6 hours. Thus, regenerated nanocomposites were collected by magnet and lyophilized. Then, the chromate adsorption experiment in Section 2.5 was repeated.
Three cycles of adsorption test were carried out.
Result and Discussion
Characterization of Pristine LDH, Magnetite, and Two Nanocomposites, Mag@LDH-ER and Mag@LDH-CO.
In order to identify the crystal structure of LDH, magnetite, and their nanocomposites, XRD patterns were obtained ( Figure 1 ). In Figure 1 ∘ , respectively. The nanocomposite between magnetite and LDH through exfoliation-reassembly, Mag@LDH-ER, only exhibited peaks of magnetite without those of LDH (Figure 1(c) ). Random stacking of delaminated LDH nanosheets on magnetite surface was thought to result in reduction of crystallinity. Similar phenomenon was reported elsewhere; exfoliation-reassembly of layered nanomaterials in the presence of nanoparticles forms house-ofcards structure resulting in the loss of layered XRD patterns [26, 27] . On the other hand, Mag@LDH-CO showed both X-ray diffraction patterns from LDH ((003) and (006): closed circles in Figure 1(d) ) and magnetite ((220), (311), (400), (422), (511), and (440): closed triangles). It is expected that coprecipitation of LDH on magnetite resulted in ordered crystal growth rather than random stacking of nanosheets. XRD patterns containing both nanoparticle and LDH phase were reported in the synthesis of CoFe 2 O 4 @MgAl-LDH through coprecipitation [19] .
According to SEM image (Figure 2 ), LDH and magnetite particles were determined to have irregular shape with average diameters ∼50 nm and ∼30 nm, respectively. The surface morphology of Mag@LDH-ER was smooth compared with that of Mag@LDH-CO which showed agglomeration of small particles. Such smooth surface of nanoparticles has been reported in the nanocomposite between nanoparticles and nanosheets, suggesting house-of-card structure developed by reassembled nanosheets [26, 28] .
In order to observe lateral size, thickness, and roughness of single particles, AFM images were obtained with diluted nanocomposites compared with SEM specimen (Figure 3 ). In Figures 3(a) and 3(b) , Mag@LDH-ER had ∼300 nm diameter and ∼90 nm thickness, and Mag@LDH-CO had ∼350 nm diameter and ∼40 nm thickness. The surface of Mag@LDH-ER was determined to be less rough ( = 7.67 nm) than Mag@LDH-CO ( = 11.68 nm), which was corresponding to SEM observation. This result suggested that the LDH nanosheets covered magnetite nanoparticles in ERnanocomposite, whereas both LDH and magnetite nanoparticles were homogeneously mixed in CO-nanocomposite.
Quantification and Physicochemical Property Evaluation on Nanocomposites.
In order to determine chemical formulae of two nanocomposites, we quantified metal content through ICP-OES. As summarized in Table 1 The average zeta-potential values were +20.78 and +9.52 mV for Mag@LDH-ER and Mag@LDH-CO, showing more positive surface charge on ER-nanocomposite. As shown in Figure 4 , pristine LDH had highly positive charge (+42.21 mV), while magnetite had negative charge (−34.33 mV). Supposing that the LDHs sufficiently cover magnetite surface, the negative surface charge of magnetite would be camouflaged. The zeta-potential graph of Mag@LDH-CO lay from −50 to +50 mV, clearly showing negatively charged region. In ER method, LDH nanosheets covered magnetite surface effectively to form particle-plate nanocomposite, as the nanosheets had larger lateral dimension (∼50 nm) than magnetite's diameter (∼30 nm). On the other hand, LDH nanoparticles formed in CO method were thought to be more particle-like rather than plate, which resulted in particle-particle nanocomposite between LDH and magnetite. The evolution of LDH phases in XRD (Figure 1) , rough surface (Figures 2 and 3) , and larger specific surface area of Mag@LDH-CO also corresponded to this hypothesis.
Evaluation of Chromate Removal Efficacy of Nanocomposites (Mag@LDH-ER and Mag@LDH-CO).
Time-dependent chromate removal test at different initial chromate concentrations (50, 100, and 200 ppm) was carried out for both nanocomposites and the results were displayed in Figure 5 . The amount of adsorbed chromate increased according to the initial concentration of chromate. Saturated chromate removal efficacy of Mag@LDH-ER at equilibrium time (∼24 hours) was 17.30, 34.71, and 54.68 mg Cr(VI)/g nanocomposite at 50, 100, and 200 ppm of chromate solution, respectively. The removal efficacy of Mag@LDH-CO at 24 h was determined to 16.07, 31.83, and 50.65 mg Cr(VI)/g nanocomposite at 50, 100, and 200 ppm of chromate, respectively. These results showed that the chromate removal efficacies of current nanocomposites were comparable or higher than previous reports as we described in Introduction [16, 17] . Furthermore, considering that the current nanocomposites have less than 50 wt% of LDH content, the chromate removal ability of LDH moiety in the nanocomposites is thought fairly high. Although the time and concentration dependent chromate removal of two nanocomposites seemed similar, Mag@LDH-ER had approximately 10% larger chromate adsorption ability than Mag@LDH-CO (Table 2 ). It should be noted that, in the adsorption of LDH, both positive charge sites (Al 3+ ) and specific surface area values affected adsorption ability. From Table 1 , we could calculate that Mag@LDH-CO had 5% less positive sites but 25% larger surface area per gram than Mag@LDH-ER. Thus, the higher adsorption was expected with Mag@LDH-CO, which was not the case in our study. This discrepancy could be explained by the different nanostructure and surface charge of two nanocomposites. Mag@LDH-ER, in which LDH well covered magnetite nanoparticles to have more positive surface charge, facilitated chromate approach to the nanocomposites compared to Mag@LDH-CO, resulting in better chromate adsorption.
To analyze the adsorption rate in the overall adsorption process of chromate onto nanocomposites, the experiment data was fitted using pseudo-first-order (1) and pseudosecond-order kinetic (2) [29] models, with the respective kinetics equations defined as follows:
( (mg/g) and (mg/g) are the amounts of chromate adsorbed at equilibrium time at any instant of time, , resp., Journal of Nanomaterials and 1 (min −1 ) and 2 (g(mg −1 min −1 )) are the rate constant of pseudo-first-order and pseudo-second-order kinetic model, resp.) The kinetic constants, 1 and 2 , were determined from the slope of the linear plot of log ( − ) versus and / versus , respectively. As represented in Table 2 , the correlation coefficient (
2 ) obtained from the pseudo-second-order kinetic model ( 2 ≥ 0.99) was higher than that obtained from the pseudo-first-order model ( 2 was in the range of 0.91-0.98), suggesting that the adsorption of chromate onto adsorbents followed pseudo-second-order kinetic. According to literatures [29] , the rate determining step of LDH is chemical adsorption through sharing or exchange of electrons between the adsorbents and chromate rather than physical adsorption.
on Mag@LDH-ER. According to time-dependent chromate adsorption study, we verified that the adsorption reached equilibrium after 24 hours.
Solution pH plays an important role in chromate adsorption owing to its effect not only on the degree of chromate speciation [30] but also on surface charge of the adsorbents. Figure 6 showed the results of chromate adsorption by nanocomposites with the initial solution pH ranging from ∼2 to ∼11 at initial solution concentration of 50 ppm. Equilibrium pH was fairly similar to initial pH above pH 7 and lower than initial value below pH 7. The pH raising at acidic condition was attributed to the basic property of LDH moiety. majority above pH 7 [30] . According to the isoelectric point ∼9 of LDH [31] , the anionic adsorption ability of LDH could be significantly affected by the pH condition. At low pH, less negative chromate species like HCrO 4 − exists, but highly positive surface charge of LDH can result in facilitated adsorption. The pH dependent property of chromate and LDH resulted in efficient chromate removal at low pH region. From the photographs in Figure 6 , it was clearly observed that the adsorbent was quickly separated from the aqueous solution by an external magnet after adsorption process. Compared to previous reports [19, 20] , these results showed that prepared nanocomposites can be considered to use as a good chromate removal materials with maintaining their magnetic property.
In order to utilize prepared nanocomposites into actual application, chromate adsorption test was repeated three times. For recycling nanocomposites, chromate was desorbed from the nanocomposites by treating in NaHCO 3 solution (0.05 M, 50 mL) under stirring at room temperature for 6 hours. From Figure 7 , it was found that the adsorbed amount of chromate on nanocomposite remained high (∼80%) even in the third-regeneration cycle, although the adsorbed amount was slightly higher in Mag@LDH-ER at every recycling stage. This result suggested that the nanocomposites have the potential use as recyclable chromate scavenger in water treatment.
Conclusion
Nanocomposites consisting of magnetite nanoparticles and LDH nanosheets were prepared via two different methodologies. One is reassembly of exfoliated LDH nanosheets on magnetite nanoparticles (ER), and the other is generation of LDH on magnetite nanoparticles (CO), termed as Mag@LDH-ER and Mag@LDH-CO, respectively. According to XRD, SEM, AFM, and zeta-potential measurement, it was identified that LDH nanosheets covered surface of magnetite effectively in Mag@LDH-ER nanocomposite. On the other hand, LDH nanoparticles formed in CO method coexist with magnetite to make larger lumps than pristine particles. For evaluation of chromate removal efficacy, contact time, pH, and concentration of chromate solutions were set as adsorption parameters. Mag@LDH-ER and Mag@LDH-CO showed maximum adsorption amount of 54.68 and 50.65 mg Cr(VI)/g nanocomposite after 24 hours, suggesting slightly enhanced adsorption efficacy of ER-nanocomposite. Both nanocomposites showed similar pH dependent chromate adsorption behavior, decreasing adsorption upon increasing pH. Kinetic and pH dependent studies revealed that LDH was the major adsorption sites for chromate in the nanocomposites. Easy collection and regeneration of both Mag@LDH nanocomposites were shown and adsorption capability was preserved ∼80% during three times of recycling. In conclusion, we could suggest that magnetite@LDH nanocomposites prepared by either coprecipitation or exfoliation-reassembly can be applied to the environmental remediating scavenger with recyclability.
